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ABSTRACT

An electrode material 1s provided to include a Li-containing
oxide of the formula of Li(N1,Co,M,)O,, wherein M 1s an

element di

erent from L1, N1, Co, or O, wherein x, y, and z

are each independently between 0 and 1 and the sum of x,
y, z 15 1; and an oxygen scavenger material contacting at
least a portion of the Li-containing oxide. In another

em|

L1-containing,

oxide

hodiment, the electrode material further includes a sec-
ond

the of

having formula

L1(N1,,Co,,M,,)O,, wherein M 1s an element difterent from
L1, N1, Co, or O, wherein x2, y2, and z2 are each indepen-
dently between 0 and 1 and the sum of x2, y2, z2 15 1,
wherein the oxide composite 1s configured as a first material
layer, wherein the second Li-containing oxide 1s configured
as a second material layer disposed next to the first material

layer.

20 Claims, 6 Drawing Sheets
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1

LITHIUM-CONTAINING ELECTRODE
MATERIAL FOR ELECTROCHEMICAL
CELL SYSTEMS

BACKGROUND
1. Technical Field

One or more embodiments of the present invention relate
to lithium-contaiming electrode materials and electrochemi-
cal cell systems employing the same.

2. Background Art

Electrochemical cells such as lithium 10n batteries have a
range ol uses 1n, for instance, mobile communication
devices such as phones, mobile entertainment devices such
as MP3 players and televisions, portable computers, as well
as transportation devices such as automobiles and forklifts.

The implementation of lithtum 10on batteries has been met
with certain limitations. For instance, cathode materials of
the lithium 10n batteries are oiten subject to oxygen-medi-
ated thermal decomposition or thermal runaway. During a
thermal runaway process, cathode oxides can decompose
and release oxygen to react with other organic solvents and

vapors heated by internal resistance. As a result, the cathode
material becomes less stable at certain conditions. In addi-
tion, repeated charging may also lead to decay in perfor-
mance.

SUMMARY

According to one aspect of the present mvention, an
clectrode material 1s provided. In one embodiment, the
clectrode material includes a Li-containing oxide of the
formula of Li(N1,Co ,M,)O,, wherein M 1s an element
different from L1, N1, Co, or O, wherein X, vy, and z are each
independently between 0 and 1 and the sum of X, v, z 15 1;
and an oxygen scavenger material contacting at least a
portion of the Li-containing oxide.

In another embodiment, the oxygen scavenger material 1s
selected from the group consisting of ZrO,, Y,0O,, CeO,,
T10,, Al,O;, and combinations thereof.

In yet another embodiment, M 1s selected from the group
consisting of Al, Mn, Cr, Fe, and combinations thereof. In
yet another embodiment, v 1s between 0 and Y. In yet
another embodiment, at least one of x and z 1s no less
than V4.

In yet another embodiment, the Li-containing oxide 1s
selected from the group consisting ot Li(N1,Co Al)O,,
L1(N1,Co, Mn_)O,, Li(N1 Co Al aMn b)O,, and combina-
tions thereof, wherein za and zb are each a non-zero value
and the sum of za and zb equals z.

In yet another embodiment, the Li-containing oxide fur-
ther includes a dopant. In certain instances, the dopant 1s
selected from the group consisting of Cr, Zr, Sr, Y, La, Mg,
Ce, Pr, V, and combinations thereof.

In yet another embodiment, a molar ratio between the
dopant relative to the Li-contaiming oxide 1s from 0.001 to
0.1.

In yet another embodiment, the electrode material further
includes a second Li-containing oxide having the formula of
L1(N1,,Co,,Mz,)0,, wherein M 1s an element difterent from
L1, N1, Co, or O, wherein x2, y2, and z2 are each indepen-
dently between 0 and 1 and the sum of x2, y2, z2 15 1,
wherein the oxide composite 1s configured as a first material
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2

layer, wherein the second Li-containing oxide 1s configured
as a second material layer disposed next to the first material
layer.

According to another aspect of the present invention, an
clectrochemical cell system 1s provided. In one embodiment,
the electrochemical cell system includes a cathode material
including a first material layer and a second material layer
disposed next to the first matenal layer, the first and the
second material layers each independently including a Li-
containing oxide of the formula of Li(N1,Co Mz)O,,
wherein M 1s an element different from L1, Ni, Co, or O,
wherein X, v, and z are each independently between 0 and 1
and the sum of x, v, z 1s 1; and a current collector 1n
clectronic communication with the cathode material. In
another embodiment, the first maternial layer further includes

a dopant, and 1s disposed between the second matenal layer
and the current collector.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an electrochemical cell system according
to one embodiment of the present invention;

FIG. 2 depicts an electrochemical cell system according
to another embodiment of the present invention;

FIG. 3 depicts X-ray difiraction (XRD) patterns of Ce-
NCM (LiNi1, ;,Co, ;3Mn, ,,0,), Ce-NCA (L1Ni, (Co, ,
Al, 550,). Mg-NCA, and Sr-NCA, according to one or more
embodiments of the present invention;

FIG. 4 depicts results of a preliminary half cell test
conducted on the matenals prepared according to FIG. 3;

FIG. 4a depicts Ce-NCM having notably higher discharge
capacity relative to Ce-NCA as described 1n relation to FIG.
3;

FIG. 5 depicts a low rate voltammetric scan (0.01 mV/s)
up to +4.7 V of the four materials described 1n relation to
FIG. 3;

FIGS. 6 and 7 depict results of a structural study con-
ducted on several different materials having the general
tormula of LiN1,Co, Mn, O, with vanable values 1n x, y, and
7z, according to one or more embodiments of the present
invention; and

FIG. 8 depicts XRD patterns of LiNi, ;;Co, 3.Mn, 330,
which has been doped with Cr or Y and coated with Y,O,
or ZrO, for durability and thermal stability improvement,
according to one or more embodiments of the present
invention.

DETAILED DESCRIPTION

As required, detailed embodiments of the present inven-
tion are disclosed herein. However, 1t 1s to be understood
that the disclosed embodiments are merely exemplary of the
invention that may be embodied 1n various and alternative
forms. The figures are not necessarily to scale, some features
may be exaggerated or minimized to show details of par-
ticular components. Theretfore, specific structural and func-
tional details disclosed herein are not to be interpreted as
limiting, but merely as a representative basis for the claims
and/or a representative basis for teaching one skilled 1n the
art to variously employ the present invention.

Moreover, except where otherwise expressly indicated, all
numerical quantities 1n this description and 1n the claims
indicating amounts of materials or conditions of reactions
and/or use are to be understood as modified by the word
“about” 1n describing the broadest scope of this invention.
Practice within the numeral limit stated 1s generally pre-
terred. Also, unless expressly stated to the contrary, percent,
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“parts o1, and ratio values are by weight and the description
of a group or class of matenials are suitable or preferred for
a given purpose in connection with the invention implies
that mixtures of any two or more members of the group or
class may be equally suitable or preferred.

Lithium-containing electrode materials, described herein
according to one or more embodiments ol the present
invention, can be used 1n any suitable electrochemical cell
system 1ncluding any primary and secondary batteries
known 1n the art. However, for the purpose of mere illus-
tration, the lithium-containing electrode materials will be
described within the context of lithium 1on batteries.

A Iithium 10n battery 1s a type of rechargeable battery 1n
which lithium 1ons move from the anode to the cathode
during discharging and from the cathode to the anode during
charging. During discharging, the current tflowing within the
battery 1s carried by the movement of lithium 1ons from the
anode to the cathode. During charging, an external electrical
power source, such as a charging circuit, forces the current
to pass in the reverse direction, wherein the lithium ions
migrate from the cathode to the anode, where they become
embedded 1n the anode material 1n a process known as
intercalation. Lithium 10n batteries refer to batteries 1n which
the anode material 1s also a lithium 1ntercalation matenal. It
lithium metal itself 1s used as the anode material or the
negative electroactive material, the resulting battery gener-
ally 1s simply referred to as a lithtum battery.

According to one aspect of the present invention, an
clectrochemical cell system 1s provided. In one embodiment,
and as depicted 1n FIG. 1 and/or FIG. 2, the electrochemical
cell system generally shown at 100 includes an electro-
chemical cell 102 such as a lithtum 10n battery, the electro-
chemical cell 102 including a cathode 104 and an anode 106.
In certain instances, the electrochemical cell system may
turther include a current collector 110 1n electronic commu-
nication with the cathode 104. In certain other instances, the
clectrochemical cell system may further include a separator
108 separating the cathode 104 and the anode 106. It 1s
appreciated that 1n certain particular instances, the separator
108 may not be needed. As further depicted in FIG. 1 or FIG.
2, an external load 118 can be applied to complete the
clectronic cycle.

When used, the separator 108 can include any film-like
material having been generally used for forming separators
of secondary batteries of this type, for example, a micropo-
rous polymer film made from polypropylene, polyethylene,
or a layered combination of the two. In addition, 1f a solid
clectrolyte or gel electrolyte 1s used as the electrolyte, the
separator 108 does not necessarily need to be provided. A
microporous separator made of glass fiber or cellulose
material can in certain cases also be used.

In another embodiment, and as depicted 1n FIG. 1, the
cathode 104 includes a cathode material 112. The cathode
maternial includes a Li-containing oxide of the formula of
L1(N1,Co, M, )O,, wherein M 1s an element different from Li,
N1, Co, or O, wherein X, v, and z represent respective molar
ratios and are each independently between O and 1, and the
sum of X, y, z 1s 1; and an oxygen scavenger material
contacting at least a portion of the Li-containing oxide.

Compared to other cathode materials for L1 1ion batteries,
the Li-containing oxide of the tormula of Li(N1,Co, M_)O,
described herein 1s believed to be less costly, lighter 1n
weight, and provide higher energy power. In a particular
instance wherein the Li-containing oxide 1s provided with a
molar ratio of Co being less than one third (13), the relatively
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expensive material Co can be eflfectively reduced in amount,
optionally with the use of the oxygen scavenger material as
will be detailed below.

Without being limited to any particular theory, it 1s
appreciated that the oxygen scavenger material helps absorb
oxygen species released during an unwanted thermal run-
away and therefore relieves the possibility of battery mal-
function or explosion. Without being limited to any particu-
lar theory, it 1s further appreciated that the oxygen scavenger
material may have the additional function of providing
anti-corrosion protection over the Li-containing oxide
against the very acid and corrosive battery environment.
Non-limiting examples of oxygen scavenger materials
include 7Zr0O,, Y,O,, CeO,, CeO, T10,, Al,O,, and combi-
nations thereof.

In another embodiment, the Li-containing oxide further
includes a dopant. In certain instances, the dopant 1s 1nter-
mixed with the Li-containing oxide to form an oxide com-
posite. Without being limited to any particular theory, the
dopant 1s believed to replace and occupy one or more sites
of one or more Ni, Co, and M 1n a crystal structure of the
Li-containing oxide of Li(N1,Co,M,)O,. In certain
instances, the dopant 1s not intended to replace lithium,
while replacing Ni, Co, and/or M. In this arrangement, and
particularly when the dopant 1s a multivalent element such
as Y or Ce, the substitution 1s believed to provide the cathode
material with multiple oxidation states, and hence with
lower structural distortions. In an alternative arrangement,
the substitution coupled with the coating as described in
more detail herein elsewhere, helps render the highly spe-
cific Li(N1,Co,M,)O, less susceptible to side reaction and
hence safer.

In yet another embodiment, M 1s selected from the group
consisting of Al, Mn, Cr, Fe, and combinations thereof. In
yet another embodiment, v 1s smaller than x. In certain
instances, v 1s between 0 and %3, 1n certain other instances,
at least one of x and z 1s no less than 4.

In yet another embodiment, the Li-containing oxide 1s
selected from the group consisting of Li(N1,Co Al)O..
Li(N1,Co, Mn,)O,, Li(N1,Co Al Mn,,)O,, and combina-
tions thereol, wherein za and zb are each a non-zero value
and the sum of za and zb equals z.

In yvet another embodiment, the dopant 1s selected from
the group consisting of one or more transitional metals, one
or more alkaline earth metals, one or more rare earth metals,
and combinations thereof. In certain instances, the dopant 1s
selected from the group consisting of Cr, Zr, Sr, Y, La, Mg,
Ce, Al, Pr, V, and combinations thereof.

In yet another embodiment, a molar ratio between the
dopant relative to the Li-contaiming oxide 1s from 0.001 to
0.1, 0.005 to 0.08, or 0.01 to 0.06.

In yet another embodiment, and as depicted 1n FIG. 2, the
cathode 104 1s configured to include a first layer 104a and
a second layer 1045, each independently including a Li-
containing oxide of the formula of Li(N1i,Co M,)O, as
described herein. It 1s appreciated that the cathode material
112 1s not limited to have two layers and can be formed of
any suitable number of layers. In certain instances, at least
one of X, vy, and z 1s different between the first and the second
layers 104a, 1045. In certain other instances, the first layer
104q further includes a dopant and/or 1s 1n contact with an
oxygen scavenger material with the latter forming at least a
partial coating on the Li-containing oxide. The doped and/or
coated first layer 104a of the cathode material 112 can be
disposed next to the current collector 110 to tolerate rela-
tively high operational current or voltage. In this arrange-
ment, the second layer 1045 or more layers can be disposed
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more away Ifrom the current collector 110. Without being
limited to any particular theory, 1t 1s believed that this
arrangement of layering places more robust material at more
aggressive regions ol the cathode 104, such as the regions
relatively closer to the current collector 110.

In one or more embodiments, the cathode material 112
may be prepared using any suitable methods. In one exem-
plified method, a concentrated liquid mixture 1s formed from
suitable hydrated salts of lithium, nickel, cobalt, and element
M, plus hydrated salts of the dopant. In certain instances,
crystalline nitrate salts of these elements with water mol-
ecules 1 the crystals are utilized. Mixtures of these crys-
talline salts can be heated to form a liquid at certain
temperatures. The liquid provides a medium for a uniform
mixture of the elements that are to be incorporated into the
cathode material. The liquid 1s like a concentrated solution
and contains a mimimal amount of water for relatively
ellicient desiccation to an anhydrous powder. Then upon
heating 1n air the nitrate anions in the powder release
nitrogen oxides to leave a residue of the lithium, mickel and
doping elements in a crystalline oxide suitable for use as
active cathode material 1n a lithium secondary battery. While
hydrated nitrate salts may be used because of their avail-
ability and eflectiveness in the process of embodiments of
the present invention, other acidic salts may be used, par-
ticularly 1norganic acid salts, such as nitrite salts, having
good water solubility.

In certain instances, an aqueous liquid, possibly a con-
centrated aqueous solution, 1s formed containing the mitrate
salts of lithium and nickel plus the nitrate salts of elements
such as cobalt, aluminum and magnesium. The water for the
solution 1s derived from the water molecules of crystalliza-
tion present 1n the solid hydrated nitrate salts of the metals
selected for incorporation in the cathode material. Crystal-
line lithium nitrate 1s available with one water of crystalli-
zation (LiNO,;.H,O) or lithium nitrate may be used in 1ts
anhydrous form. The nitrates of nickel, cobalt, aluminum
and magnesium, for example, are commercially available as
Ni1(NO,),6H,0O, Co(NO,),6H,O, AI(NO,),9H,0, and
Mg(NO,),6H,O. Most of the elements that might be desired
as dopants 1n the lithium nickel oxide cathode material are
available 1n the form of their hydrated nitrate salts and can
be used 1n that form 1n the practice of this invention. In one
example, T1 can be suitably added as TiO, as will be
illustrated. T10, (anatase) powders can be intermixed into
the cathode material slurry.

The synthesis of the cathode material 112 can be depos-
ited using a solution-based precipitation approach. A powder
of the cathode material 1s mixed 1n a suitable solvent, such
as an aqueous solvent. A soluble composition of the desired
metal or metal alloy 1s dissolved 1n the solvent. The total
amount ol oxygen scavenger materials can be selected to
form the desired amount of coating, and the ratio of oxygen
scavenger materials can be based on the stoichiometry of the
coating material. The coating mixture can be heated during
the coating process to reasonable temperatures, such as in
the range from about 60 degrees Celsius to 100 degrees
Celstus for aqueous solutions for from about 20 minutes to
about 48 hours, to facilitate the coating process. After being
removed from the solution, the coated electroactive material
1s dried and heated to temperatures generally from about 250
degrees Celsius to 600 degrees Celsius for about 20 minutes
to about 48 hours to complete the formation of the coated
material. The heating 1s optionally conducted under a nitro-
gen atmosphere or other substantially oxygen free atmo-
sphere.
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In yet another embodiment, the batteries described herein
are lithium 1on batteries generally using a non-aqueous
clectrolyte that comprises lithium 1ons. For secondary
lithium 10on batteries, lithium 1ons are released {from the
negative electrode during discharge such that the negative
clectrode functions as an anode during discharge with the
generation of electrons from the oxidation of lithium upon
its release from the electrode. Correspondingly, the cathode
takes up lithium 10ons through 1ntercalation or the like during
discharge and neutralizes the lithium 1ons with the consump-
tion of electrons. Upon recharging of the secondary cell, the
flow of lithium 1ons 1s reversed through the cell with the
negative electrode taking up lithium and with the positive
clectrode releasing lithium as lithium 1ons.

In one or more embodiments, the cathode material 1s
provided with a relatively low risk of fire for improved
safety properties due to 1ts specific compositions as
described herein. Also, these specific compositions use
relatively low amounts of elements such as cobalt that are
less desirable from an environmental perspective, and can be
produced from starting materials that have reasonable cost
for commercial scale production.

In one or more embodiments, the word “element” refers
to a member of the periodic table. A metal element generally
1s only 1n a metallic state 1n its elemental form or a
corresponding alloy of the metal’s elemental form. In other
words, a metal oxide or other metal composition, other than
metal alloys, generally 1s not metallic. The dopants may also
be provided 1n 10nic form.

Without being limited to any particular theory, 1t 1s
believed that when the corresponding batteries with the
intercalation-based positive electrode active materials are 1n
use, the intercalation and release of lithium 1ons from the
lattice 1induces changes in the crystalline lattice of the
clectroactive matenial. As long as these changes are essen-
tially reversible, the capacity of the material does not
change. However, the capacity of the active materials 1s
observed to decrease with cycling to varying degrees. Thus,
alter a number of cycles, the performance of the cell falls
below acceptable values, and the cell 1s replaced. Also, on
the first cycle of the cell, generally there 1s an 1rreversible
capacity loss that 1s significantly greater than per cycle
capacity loss at subsequent cycles. The 1rreversible capacity
loss 1s the diflerence between the charge capacity of the new
cell and the first discharge capacity. To compensate for this
first cycle 1rreversible capacity loss, extra electroactive
material 1s icluded in the negative electrode such that the
cell can be tully charged even though this lost capacity 1s not
accessible during most of the life of the cell so that negative
clectrode material 1s essentially wasted.

According to another aspect of the present invention, an
clectrode material 1s provided for use 1n an electrochemical
device such as a battery. The electrode material can be use
as an anode material or a cathode material. Embodiments
described herein are related to the electrode matenal used as
a cathode material for a lithium 1on rechargeable battery.
Batteries formed from these materials have been found to
cycle at higher voltages and with higher capacities. It has
been found that doping of the one or more of the dopant can
influence the capacity, impedance and stability of the battery
structures.

It has been found that appropriate coating materials can
both 1mprove the long term cycling performance of the
material as well as decrease the first cycle irreversible
capacity loss. While not wanting to be limited by theory, the
coatings may stabilize the crystal lattice during the uptake
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and release of lithium 10ns so that irreversible changes 1n the
crystal lattice can be reduced significantly.

In particular, the cycling properties of the batteries formed
from the coated lithium metal oxide have been found to
significantly improve from the uncoated material. Addition-
ally, the overall capacity of the batteries also shows desirable
properties with the coating, and the irreversible capacity loss
of the first cycle of the battery 1s reduced. As discussed
carlier, first cycle 1irreversible capacity loss of a battery 1s the
difference between the charge capacity of the new battery
and 1ts first discharge capacity. The bulk of the first cycle
irreversible capacity loss 1s generally attributed to the posi-
tive electrode material.

It has been found that the coating, optionally 1n collabo-
ration with the addition of one or more dopants, provides a
synergistic improvement in the performance of the cathode
material described herein. In general, an elemental metal, a
metal alloy, or a combination thereof, can be used for the
coating. In certain instance, the dopant used as the oxygen
scavenger material has the additional benefit of being rea-
sonably cost eflective and environmentally benign.

The lithium element as a dopant can be icorporated 1nto
the material at one or more selected steps in the process. For
example, a lithium salt can be mcorporated into the solution
prior to or upon performing the precipitation step through
the addition of a hydrated lithium salt. In this approach, the
lithium species 1s incorporated 1nto the carbonate material 1n
the same way as the other metals. Also, due to the properties
of lithium, the lithium element can be incorporated into the
material 1n a solid state reaction without adversely affecting
the resulting properties of the product composition. Thus,
for example, an appropriate amount of lithium source gen-
erally as a powder, such as L1OH.H,O, [.1OH, L1,CO,, or a
combination thereof, can be mixed with the precipitated
metal nitrate, hydroxide or carbonate. The powder mixture
1s then advanced through the heating step(s) to form the
oxide and then the crystalline positive electrode material.

The anode can include any material allowing lithium to be
inserted in or removed from the material. Examples of such
materials include carbonaceous materials, for example, non-
graphitic carbon, artificial carbon, artificial graphite, natural
graphite, pyrolytic carbons, cokes such as pitch coke, needle
coke, petroleum coke, graphite, vitreous carbons, or a heat
treated organic polymer compound obtained by carbonizing
phenol resins, furan resins, or similar, carbon fibers, and
activated carbon. Further, metallic lithtum, lithrum alloys,
and an alloy or compound thereot are usable as the negative
active matenals.

Non-limiting examples of the non-aqueous electrolytes
include an electrolytic solution based on organic solvents,
and solid electrolytes such as inorganic electrolyte, polymer
clectrolyte, and gel-like electrolyte.

Non-limiting examples of the organic solvents include
propylene carbonate (PC), ethylene carbonate (EC), diethyl
carbonate (DEC), dimethyl carbonate (DMC), 1,2-dime-
thoxyethane, 1,2-diethoxyethane, gamma-butyrolactone,
tetrahydrofuran, 2-methyl tetrahydrofuran, 1,3-dioxolane,
4-methyl-1,3-dioxolane, diethyl ether, sulfolane, methylsul-
folane, acetonitrile, propionitrile, anisole, acetate, butyrate,
propionate and the like.

The solid electrolyte can include an iorganic electrolyte,
a polymer electrolyte and the like insofar as the material has
lithium-1on conductivity. Non-limiting examples of 1nor-
ganic electrolytes include lithium nitride, lithium 10dide and
the like. Non-limiting examples of the polymer compounds
used for the polymer electrolyte include ether-based poly-
mers such as polyethylene oxide and cross-linked polyeth-
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ylene oxide, polymethacrylate ester-based polymers, acry-
late-based polymers and the like. These polymers may be
used singly, or 1n the form of a mixture or a copolymer of
two kinds or more.

A matrix of the gel electrolyte may be any polymer insofar
as the polymer 1s gelated by absorbing the above-described
non-aqueous electrolytic solution. Non-limiting examples of
the polymers used for the gel electrolyte include fluorocar-
bon polymers such as polyvinylidene fluoride (PVDEF),
polyvinylidene-co-hexafluoropropylene (PVDF-HFP) and
the like.

The nature of the anode material may influence the
resulting voltage of the battery since the voltage 1s the
difference between the half cell potentials at the cathode and
anode. The anode material can be of any suitable material
known 1n the art. Suitable anode material can include, for
example, graphite, synthetic graphite, hard carbon, meso-
phase carbon, appropriate carbon blacks, coke, fullerness,
niobium pentoxide, mtermetallic alloys, silicon alloys, tin
alloys, silicon, titantum oxide, tin oxide, and lithium tita-
nium oxide. The anode material can be combined with a
polymer binder and associated with a current collector to
form the anode. Similarly, other appropriate anode materials
can be used to provide appropriate discharge voltages with
desired cycling capability. In some embodiments, the nega-
tive electrodes can have a thickness on each side of the
current collector following compression of the anode mate-
rial from 5 microns to 50 microns, 25 microns to 75 microns,
65 microns to 200 microns and 1n further embodiments from
75 microns to 1350 microns. In some embodiments, the anode
has a density of from about 1.5 to 1.7 g/mL. Additional
ranges of electrode thickness within the explicit ranges
above are contemplated and are within the present disclo-
sure.

In one or more embodiments, the anode and cathode
materials generally are powder compositions that are held
together 1 the corresponding electrode with a polymer
binder. Without being limited to any particular theory, the
binder provides 1onic conductivity to the active particles
when 1n contact with the electrolyte. Suitable polymer
binders include, for example, polyvinylidine fluoride
(PVDF), polyethylene oxide, polyethylene, polypropyvlene,
polytetrafluoroethylene, polyacrylates, rubbers, e.g. ethyl-
ene-propylene-diene monomer (EPDM) rubber or styrene
butadiene rubber (SBR), copolymers thereol and mixtures
thereof. The polymer binders can be loaded with any suit-
able loading. In some embodiments, PVDF polymer binders
have an average molecular weight of at least about 800,000
atomic mass units (AMU), in further embodiments at least
about 850,000 AMU, 1n further embodiments at least about
900,000 AMU and 1n additional embodiments from about
1,000,000 AMU to 5,000,000 AMU. PVDF can be co-
polymerized with hexafluoropropylene. Additional ranges of
composition within the explicit ranges above are contem-
plated and are within the present disclosure. To form the
clectrode, the powders can be blended with the polymer 1n
a suitable liquid, such as a solvent for the polymer. The
resulting paste can be pressed into the electrode structure.

It has been found, in some embodiments, combinations of
clectrode materials for the cathode having two or more
active material components, one having high capacity and/or
specificity, the other having a relatively higher safety, can
allow for lithium-1on batteries of high safety while achieving
high capacity. In addition, not only are the cells safe enough
and of high enough capacity for commercialization objec-
tives, but they also exhibit significantly high cycle life.
Without being limited to any theory, it 1s believed that the
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cathode material as described herein according to one or
more embodiments of the present invention assists lithium to
be reversibly intercalated and extracted.

In some embodiments, the dopant 1s a multivalent metal
which is believed to provide the flexibility of multiple >
oxidation states and to lower structural distortions at
extreme voltages. Non-limiting examples of the multivalent
metal include Y, Ce, Pr, and V. Thus, the cathode material to
be made by this process may be represented as Li1(IN11-xMx)
02:; where M 1s one or more additional transitional elements
such as Co, Cr, Mn and Ti, or any suitable metal element
having an outer sp-type electron shell. These sp elements
include, for example, Al and Mg. With both cathode cost and
performance considerations 1n mind, cathode compositions
of the formula Li[N1(, <_ -)CO(5 ;.0 -)M(; 10 2)]O, are pre-
terred. The number of lithium atoms 1n the cathode material
matches the total number of nickel atoms plus the dopant
atoms. In one embodiment 1n which the cathode 1s a doped
nickel cathode, the nickel comprises up to half or more of the 20
metallic elements other than lithium. While cobalt enhances
the electrochemical performance of the cathode, 1t may also
increase the overall cost. In at least one embodiment, 1t 1s

preferred that cobalt constitutes no more than ten to twenty
percent of the non-lithium metal element content. The other 25
dopant elements may be used as low cost stabilizers of the
nickel oxide containing crystal.
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FIG. 3 depicts X-ray diffraction (XRD) patterns of the
exemplified cathode materials Ce-NCM  (LiNi, ;5
Cog.33Mn, 530,), Ce-NCA  (LiN1, ;Co, sAl, 450,), Mg-
NCA, and Sr-NCA, wherein each metal L1, Ce, Mg, or Sr 1s
doped at 1 mole percent (%), and wherein the cathode 35
materials are prepared by a combustion synthesis method
using citric acid. The combustion synthesis can use various
precursor salts such as nitrates, carbonates, and acetates as
well as others. This method provides good atomic level
mixing and produces homogeneous, fine powders without 40
the need for intermediate steps. In the particular examples of
Ce-NCM, an aqueous solution of Ce(NO,),.6H,O at 1 mole
percent, stoichiometric amounts of Mn(NO,),.6H,O,
Co(NO,),.6H,O, Ni1(NO,),.6H,O and LiNO; at a shght
excess are combined with citric acid at 5 percent 1n excess. 45
The combined ingredients are gradually heated with con-
stant stirring until combustion occurs thereby forming the
desired powder. Other fuels besides citric acid can be used
such as glucose, glycine, and urea. The resulting powder 1s
then ground further and heated at 800° C. for 3 hours 1n air. 50
NCA materials are heated at 800° C. for 9 hours 1n arr.
Doped NCM and NCA cathode materials can also be pre-
pared by other synthesis methods, including solid state,
sol-gel, spray pyrolysis, and co-precipitation.

The diflraction patterns as depicted in FIG. 3 suggest that 55
mixtures of CeQO, co-present with both NCM and NCA.
Compared among the cathode materials tested, Ce-NCA has
the most amount of CeO, indicated by the asterisk “*”.
Ce-NCM appears to have some CeO, as well.

The materials prepared according to FIG. 3 are used in a 60
preliminary half cell testing with corresponding testing

results depicted in FIG. 4. FIG. 4 depicts comparison of
discharge curves of Ce-NCA, Mg-NCA, and Sr-NCA, (1=

0.5 mA/cm®), in 1.2M LiPF, in EC:DMC (3:7) using a
consistent electrode fabrication method, wherein discharge 65
capacities 1n the order of Ce-NCA<<Mg-NCA<Sr-NCA are

observed. The hali-cell testing 1s conducted by coating the

10

cathode materials onto an Al foil or grnid current collector.
The cathode material includes 5 weight percent of PVDE-
HEFP binder, 5 weight percent of carbon and graphite con-
ducting additives, and 90 weight percent active materials.
Different active material percent can be used to fabricate the
clectrode. The electrode 1s heated and dried in a vacuum
oven at 100° C. for 6 to 48 hours, then assembled into a cell
with lithium counter and reference electrodes and Celgard
2400 separators. With the electrolytic solution, the half cell,
having about 1 cm2 active area, 1s applied a constant current
density of +/-350 mA/g to charge and discharge the half cell.
Voltage 1s monitored with the time of current application.

Cutofl voltage 1s defined as 4.2 to 3 volts.
FIG. 4a, shown as an inset of FIG. 4, depicts Ce-NCM

having notably higher discharge capacity relative to Ce-
NCA. This example illustratively shows some particular
benelfits of certum doping. Without being limited to any
particular theory, 1t 1s appreciated that certum doping pro-
vides a possible oxygen storage/scavenging capability to
mitigate one of the thermal runaway steps, for instance at
steps 1involving cathode oxygen generation at 220° C. or
greater.

FIG. 5 depicts a low rate voltammetric scan (0.01 mV/s)

up to +4.7 V of the four materials described 1n relation to
FIG. 3. FIG. § depicts a comparative view of cyclic volta-
mmetric responses of Ce-NCA, Mg-NCA, Ce-NCM, and
Sr-NCA, wherein two-electrode cell 1s used 1n 1.2M L1PF
in EC:DMC (3:7) with scan rate 0.01 mV/s with lithium
metal as counter and reference electrode. Voltage 1s mitially
swept forward between +4.7 V to 3.0 V. For both Ce- and
Sr-doped NCA electrodes, a small 1rreversible oxidation
peak at 4.4~4.6 V are observed during first scan only. Main
oxidation peak (3.8~3.92V) 1s found to increase on the
following scans. Also depicted in FIG. 5 1s a peak increase
upon subsequent scans.

In FIG. 5, the voltage 1s applied and the responding
current 1s measured. The figure represents a typical cyclic
voltammogram 1n which the current response 1s plotted with
respect to voltage applied. The voltage cycling 1s repeated.
Numbers 1, 2, 3 represent the first, second, and third cycle
sweeps. Increased peak height 1n cycle 2 and 3 suggest that
the lithium extraction and re-insertion tend to improve with
subsequent cycles. Without being limited to any particular
theory, it 1s appreciated that the doped cathode materials
may provide relatively higher structure stability at certain
voltages possibly by improving L1™ extraction.

FIGS. 6 and 7 depict results of a structural study con-
ducted on several different materials having the general
tormula of LiN1,Co, Mn O, with vaniable values in x, y, and
7. XRD patterns of LiNi, ,-Co, -oMn, ;s0,, LiNi1, ;Cog ;4
Mn, ,O,, LiN1, ;,Co, ;3Mn, 5,0, are consistent with the
hexagonal (R-3m) structure and are fitted to obtain the c/a
ratios summarized i FIG. 7. The c¢/a ratio refers to the
hexagonal lattice parameters of the cathode material
obtained from X-ray diffraction measurement. As the cath-
ode materials according to one or more embodiments of the
present invention are typically hexagonal, the c/a retlects the
“stubbornness” of the hexagonal structure. Exemplified c/a

values of lithiated NCM oxides range from 4.92 to 4.98.
FIG. 8 depicts XRD patterns of LiNi, ;,Co, ;.Mn, 1,0,

which has been subjected to transitional metal doping with
Cr or Y and oxide coating with Y ,O, or ZrO,, for durability

and thermal stability improvement. Prepared by the method

of combustion synthesis, the matenals include Y-NCM,
Y ,0O; coated Ce-NCM, and ZrO, coated Ce-NCM. A pre-
liminary charge/discharge testing of the Y-doped NCM
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extended up to a 5V charge cutoil shows that the doped
matenal 1s provided with relatively higher robustness rela-
tive to baseline NCM that has not been doped.

While the best mode for carrying out the invention has
been described 1n detail, those familiar with the art to which
this 1nvention relates will recognize various alternative
designs and embodiments for practicing the mvention as
defined by the following claims.

What 1s claimed:
1. An electrode material comprising:
a Li-containing oxide of the formula of Li(N1,Co,M,)O.,
wherein M 1s an element different from L1, N1, Co, or
O, wherein X, y, and z are each independently between
0 and 1, and the sum of X, y, and z 1s 1;

an oxygen scavenger oxide, including at least one of
Y,0;, CeO,, and CeO, contacting the Li-contaiming
oxide; and

a dopant intermixed with the Li-containing oxide and

including Ce.

2. The electrode material of claim 1, wherein M 1s
selected from the group consisting of Al, Mn, Cr, Fe and
combinations thereof.

3. The electrode material of claim 1, wherein y 1s between
0 and 4.

4. The electrode material of claim 1, wherein at least one
of X and z 1s no less than 4.

5. The electrode material of claim 1, wherein the Li-
containing oxide 1s selected from the group consisting of
L1(N1,Co, Al )O,, Li(N1,Co,Mn,)O,, Li(N1Co Al Mn,_,)
O,, and combinations thereol, wherein za and zb are each a
non-zero value and the sum of za and zb equals z.

6. The electrode matenal of claim 1, wherein the dopant
turther includes at least one of Cr, Zr, Sr, Y, La, Mg, Pr and
V.

7. The electrode material of claim 1, wherein the dopant
turther includes Zr.

8. The electrode material of claim 1, wherein the Li-
containing oxide 1s selected from the group consisting of
L1(N1,Co Al )O, including Sr as a dopant, L1(N1,Co Al )O,
including Mg as a dopant, Li(N1,Co Al )O, including Ce as
a dopant, L1(N1,Co,Mn_)O, including Ce as a dopant, and
combinations thereof.

9. The electrode material of claim 1, wherein a molar ratio
between the dopant relative to the Li-containing oxide 1s
from 0.001 to O.1.

10. The electrode material of claim 1, further comprising
a second Li-containing oxide configured as a second oxide
material layer disposed next to the existing oxide composite
as a first matenial layer, and further comprising a current
collector configured such that the first matenial layer is
disposed between the current collector and the second oxide
matenal layer.
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11. The electrode material of claim 10, wherein the second
Li-containing oxide has the formula ot Li(N1,Co, ,M_,)O.,
wherein M 1s an element different from L1, N1, Co, or O,
wherein x2, y2, and z2 are each independently between O
and 1, and the sum of x2, y2, and z2 1s 1.

12. The electrode material of claim 1, wherein the dopant
further includes Pr.

13. The electrode material of claim 1, wherein the dopant
further includes at least one of Sr, Y, and Pr.

14. An electrochemical cell system comprising;

a cathode matenal including a first material layer and a
second material layer disposed next to the first material
layer, the first and the second material layers each
independently including a Li-containing oxide of the
tormula of Li(N1,Co M, )O,, wherein M is an element
different from Li, N1, Co, or O, wherein x, y, and z are
cach independently between 0 and hand the sum of x,
y, and z 1s 1, and wherein the first and second material
layers differ from each other in at least one of the values
for x, y, and z and the composition for M, the first
material layer further including an oxygen scavenger
oxide contacting the Li-containing oxide, and the Li-
containing oxide of the first material layer further
comprising a dopant intermixed with the Li-containing
oxide and including Ce; and

a current collector in electronic communication with the
cathode material, the current collector being disposed
adjacent to the first matenial layer and spaced apart
from the second material layer.

15. The electrochemical cell system of claim 14, wherein
the dopant further includes at least one of Cr, Zr, Sr, Y, La,
Mg, Pr and V.

16. The electrochemical cell system of claim 15, a molar
ratio between the dopant relative to the Li-containing oxide
1s from 0.001 to O.1.

17. The electrode material of claim 14, wherein the
oxygen scavenger oxide imcludes at least CeO.

18. The electrode material of claim 14, wherein the dopant
further includes Pr.

19. An electrode material comprising;:

a Li-containing oxide of formula Li(Ni,Co M, )O,,

wherein M 1s an element different from L1, N1, Co, or
O, wherein X, y, and z are each independently between
0 and 1, and the sum of X, y, and z 1s 1;

a dopant, including Ce and Pr, intermixed with the Li-
containing oxide; and

an oxygen scavenger oxide, including at least one of
/rQ,, Y,0,, CeO, CeO, and T102, contacting the
Li-containing oxide.

20. The electrode material of claim 19, wherein the

oxygen scavenger material includes at least one of ZrO.,,

Y,0,, CeO,, CeO and TiO..
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